[1] The volume changes of 21 glaciers in the Cordillera Real have been determined between 1963 and 2006 using photogrammetric measurements. These data form the longest series of mass balances obtained with such accuracy in the tropical Andes. Our analysis reveals that temporal mass balance fluctuations are similar, revealing a common response to climate over the entire studied region. The mass of these glaciers has clearly been decreasing since 1975 without any significant acceleration of this trend over recent years. We have found a clear relationship between the average mass balance of these glaciers as a function of exposure and altitude. 
[1] The volume changes of 21 glaciers in the Cordillera Real have been determined between 1963 and 2006 using photogrammetric measurements. These data form the longest series of mass balances obtained with such accuracy in the tropical Andes. Our analysis reveals that temporal mass balance fluctuations are similar, revealing a common response to climate over the entire studied region. The mass of these glaciers has clearly been decreasing since 1975 without any significant acceleration of this trend over recent years. We have found a clear relationship between the average mass balance of these glaciers as a function of exposure and altitude. From this relationship, the ice volume loss of 376 glaciers has been assessed in this region. The results show that these glaciers lost 43% of their volume between 1963 and 2006, essentially over the 1975 -2006 th Century and the beginning of the 21st Century for such remote regions as the tropical Andes where meteorological data are sparse [Vuille et al., 2008] . Moreover, the glaciers of the tropical Andes make an important contribution to the water resources of many high-elevation basins during the dry season [Ribstein et al., 1995; Mark and Seltzer, 2003] . Unfortunately, available data becomes sparser as we go back in time. Documentation in the tropical Andes over recent decades provides only glacier length or area change observations and only for a limited number of glaciers [Kaser, 2001; Kaser and Osmaston, 2001; Vuille et al., 2008] . As shown in previous studies [Paterson, 1994; Johannesson et al., 1989] , these length and area variations cannot be directly interpreted in terms of climate change on an annual or decadal time-scale. Conversely, specific mass balance results directly from climate parameters as they record solid precipitation and surface energy fluxes via ablation [Oerlemans, 2001] and it has been shown that the mass balance fluctuations are a good indicator of climate change [Vincent et al., 2005] . Unfortunately, very few continuous direct mass balance observations are available in this region. The longest series of direct mass balance measurements in the Andean countries is from the Zongo glacier in Bolivia [Soruco et al., 2009] where observations using the glaciological method have been carried out since 1991.
[3] In this paper, mass balance fluctuations of 21 glaciers in the Cordillera Real of Bolivia were measured back to 1963 using photogrammetric data. These glacier mass variations were used to assess the climate change leading to the large recession of Bolivian glaciers since 1975.
Data
[4] Figure 1 shows the locations of the studied glaciers in the Cordillera Real, which includes 11% of all tropical glaciers and 55% of Bolivian glaciers, representing a surface area of 324 km 2 in 1975 [Jordan, 1991] . The Cordillera Real has an approximate length of 180 km extending in a NW-SE direction and delimiting the wet Amazonas basin in the east and the dry Altiplano basin in the west. Twenty-one glaciers were selected in the Cordillera Real to represent a comprehensive range of size, aspect and elevation. Aerial photographs were taken in 1963, 1975, 1983, 1997 and 2006 by the National Service of Aerophotogrammetry of Bolivia. We have measured eighty-six ground control points using geodetic differential GPS (Global Positioning System) and their positions are known with an uncertainty of ±0.03 m. Photogrammetric measurements based on the 97 aerial photographs acquired in 2006 were made using the bundle block adjustment method with 449 tie points and 73 ground control points. The aerial photographs taken prior to 2006 were triangulated using 59 pairs with a minimum of 20 tie points and 8 ground control points for each pair. These ground control points come from the direct GPS measurements mentioned above and from the photogrammetric measurements of 2006 to improve consistency and accuracy for the calculation of volume variations. To check the photogrammetric results and assess the accuracy of measurements, a cross-section free of ice and snow was measured for each pair of photographs (for each epoch). The comparison reveals altitude differences of less than 2.9 m with a standard deviation of 0.7 m. The photogrammetric measurements of each glacier for each date have been performed using a digital photogrammetric station (Leica photogrammetry suite) according to irregular grids of 10 m for rough terrain and 20 m for flat areas. The Digital Elevation Model (DEM) was obtained from Kriging analysis with a resampling of 10 m. The subtraction of the DEM values yields altitudinal variations that must be converted to water equivalent using Sorge's law [Thibert et al., 2008] and accordingly assuming a density of r = 900 kg m À3 . The volumetric mass balance is obtained by dividing the mass variation by the mean surface area.
[5] In addition, meteorological data have been used to analyse the causes of mass balance changes over the last decades. Very few long precipitation series are available for the Cordillera Real range. The longest measurement series was started in 1971 by the Bolivian Hydropower Company and corresponds to a rain gauge (P4750) located at 4750 m a.s.l. close to Zongo glacier ( Figure 1 ). These data have been carefully checked by Ribstein et al. [1995] . Comparison with precipitation measured outside the Cordillera Real, at La Paz, shows a very large spatial gradient. For instance, the average P4750 annual precipitation is 857 mm w.e. (1972 -2006) although the annual precipitation at San Calixto (3700 m a.s.l., La Paz city) is 595 mm w.e. (1972 -2006) , 30 km away. Note that most precipitation comes from the eastern interior of the continent [Garreaud, 1999] . Furthermore, 84% of precipitation measured at P4750 falls during the austral summer between October and March, and 68% between December and March. Long direct temperature series are not available within the Cordillera Real. Direct temperatures are available at the city of El Alto (4071 m a.s.l., 5 km from La Paz) only back to 1968. Consequently, the reanalysed (NCEP-NCAR) data at 500 hPa [Kalnay et al., 1996] have been used. Note the good correlation between these data and direct temperatures measured at Alto between 1968 and 2006 (R 2 = 0.84) for the December -March period that controls to a major extent the interannual mass balance variability [Francou et al., 2003] .
Data Analysis
[6] As depicted in Figure 2a , cumulative mass balances of these 21 glaciers come from photogrammetric measurements extending back to 1963. Annual mass balance reconstruction from hydrological data and direct measurements provide additional volume variation estimates back to 1972 for the Zongo glacier [Soruco et al., 2009] . Figure 2a shows that these 21 glaciers have been receding over the last 43 years. Figure 2a shows two main features. First, the averaged cumulative mass balances are very different from place to place and range from À0.26 m w.e. a À1 to À1.38 m w.e. a
À1
. Second, the negative trend is not regular with time. The negative mass balance occurs clearly after 1975 for all glaciers. Several of these glaciers experienced a slight mass gain over the [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] period. The differences between each glacier result mainly from their respective geometric characteristics, especially altitude and exposure as shown below. In order to investigate the mass balance fluctuations with time alone, the average rate of decrease has been removed. Subtracting the last 43-year average mass balance of each glacier from the annual values provides centred annual mass balances for each period (Figure 2b ). The grey part shows the centred mass balance for glaciers larger than 0.4 km 2 . It reveals good consistency for these data from glaciers spread over 600 km 2 of the Cordillera Real. The error of the photogrammetric results has been analysed using the method proposed by Thibert et al. [2008] . The maximum errors on the cumulative mass balance obtained from photogrammetric data are estimated at 1.5, 2.4, 3.5 and 3.7 m w.e. over the 1963 -1975 , 1975 -1983 , 1983 -1997 and 1997 -2006 periods, respectively [Soruco et al., 2009 . This leads to errors of 0.11, 0.27, 0.23 and 0.37 m w.e. a À1 on the centred annual mass balance for each period, respectively. The dispersion of data contained in the grey parts therefore hardly exceeds the uncertainty of the measurements. Conversely, several of the smallest glaciers (areas < 0.4 km 2 ) differ from the fluctuation pattern shown in grey. Note that the mass balance fluctuations of the smallest glaciers can be strongly affected by local conditions. For instance, the volume variations of very small glaciers are influenced by ''edge effects'' which tend to accelerate glacier retreat during negative mass balance periods [Vuille et al., 2008] . On the other hand, an increase in the thickness of surface debris tends to reduce melting and glacier retreat. Moreover, as shown in studies performed on the Zongo glacier [Soruco et al., 2009] , surface mass balance variability is larger at low altitudes in the ablation area. This should result in higher variability for low-lying glaciers that experienced negative mass balances most of the time over recent decades. Figure 2b seems to confirm this result although local effects mentioned above could partly mask this influence. Note that the smallest glacier, no. 69, with an area of 0.006 km 2 in 2006, experienced, during the last period, a mass balance exceeding the 1963-2006 average. In fact, the thickness of the glacier in 1997 was less than the melting that occurred between 1997 and 2006 on most of its surface. On the whole, Figure 2b reveals a common climatic signal over the entire region. This result confirms the observations performed on two glaciers located 20 km apart, Chacaltaya and Zongo, over a shorter period extending from 1991 to 2001 [Francou et al., 2003, Figure 5] . In order to determine the origin of this signal, the mass balance fluctuations have been compared with precipitation and temperature changes in this region. Previous studies carried out on Zongo and Chacaltaya glaciers [Wagnon et al., 2001; Sicart, 2002; Francou et al., 2003] have shown that the glacier mass balance is mainly controlled by the mass balance variations during the summer months which correspond to the wet season. Measurements over the Zongo glacier show that the four summer months (December -March) account for 70% of the total variance of the annual mass balance. Considering that this period holds the key to explaining the interannual mass balance variability, precipitation and temperature data of these months have been selected for our analysis. Averaged centred precipitation and reanalysed temperatures (December to March) are plotted in Figure 2c itations are the same at San Calixto. The temperature scale is positive downward in order to be consistent with the mass balance sign. Some overall features can be observed in Figure 2c . First, warm (cold) periods correspond to dry (wet) periods, as shown by Vuille et al. [2000] . Second, precipitation variability at this time scale is very low and precipitation differences do not exceed ±11%. Thus, mass balance variability and precipitation variability differ by almost an order of magnitude. A change in precipitation of less than 70 mm cannot directly explain changes in mass balances larger than 500 mm. Considering that the precipitation lapse rate is small [Sicart et al., 2007] , it would be tempting to conclude that the influence of precipitation on mass balance is low. However, as shown in previous studies [Wagnon et al., 2001; Sicart, 2002] , the feedback on albedo induced by solid precipitation is more significant in explaining the large variability of annual glacier mass balance than the annual variability of accumulation itself. Indeed, although precipitation is weak, a thin snow cover of high albedo is sufficient to stop an intense melting. Based on a detailed meteorological and mass balance analysis of Zongo Glacier, Favier et al. [2004] conclude that the inter-annual variability of the mass balance of this glacier mostly depends on the inter-annual variability of the precipitation especially during the crucial December -January period. Although the detailed analysis of the relationships between mass balance and meteorological parameters is beyond the scope of our study, Figures 2b and 2c show a rough agreement between mass balance variations and temperature/precipitation variations. However, these data do not allow us to determine which parameter controls the mass balance change. In any case, note that the interannual mass balance variability, shown for Zongo Glacier (Figure 2a) , greatly exceeds the decadal variability. For instance, the mass loss of Zongo over the two years 1997 -1999 corresponds to 60% of the 1997 -2006 loss (Figure 2a ) and reveals that annual mass balances are strongly affected by ENSO events [Wagnon et al., 2001] .
[7] Furthermore, the differences in cumulative mass balance of the 21 glaciers have been analysed. Contrary to the temporal fluctuations in mass balance which are strongly related to climate change, mean mass balance depends mainly on geometric parameters [Paterson, 1994, p. 42] . We have found that the differences of cumulative mass balance trends, shown in Figure 2a , can be largely explained by the mean altitude and exposure of each glacier. The mean mass balances of the 1963 -2006 period are plotted in Figure 3 against exposure, by separating the glaciers according to the mean altitude of each glacier. The smallest glaciers (no. 75 and 69) with surface areas < 0.03 km 2 in 2006 were excluded as they are disappearing. The mean altitudes have been calculated using the digital elevation model of each glacier in 1963. Figure 3 reveals that glaciers with exposure between east and south experienced less negative mass balances. Also, the mass balances of the highest glaciers are less negative. This pattern can be partly related to the tropical location of these glaciers (16°0 0 -16°22 0 S), where the mean incident solar radiation is higher for northern exposure throughout most of the year. The origin of the very negative mass balances of glaciers with western exposure could be explained by the accumulation difference on eastern and western exposures considering that most of the precipitation comes from the east. According to the results shown in Figure 3 , we performed a linear multiple regression analysis with mass balance as the dependent variable and altitude and exposure as independent predictors. We checked that the altitude and exposure variables were not dependent (R 2 = 0.07). We performed a stepwise forward elimination procedure, where variables that explain a significant amount of variance in the presence of other factors at the 95%-confidence level, based on an Ftest, are retained in the model. Our results indicate that both altitude and exposure explain a significant amount of variance ( [Jordan, 1991] , it becomes possible to calculate the ice mass loss of 376 glaciers over the whole study area (which is 11% of the glaciated areas in the Cordillera Real). The results show that this region lost 0.9 km 3 of ice between 1963 and 2006. Moreover, the volume of each glacier has been assessed from volumearea scaling [Bahr et al., 1997] revealing that these glaciers have lost 43% ±20% of their volume. Finally, photogrammetric data have been used to obtain the surface area and length changes of each glacier. For this purpose, the surface areas of these 376 glaciers were determined from photogrammetric data for 2006 and compared with those of 1975. It reveals that these glaciers lost 48% ±5% of their surface area between 1975 and 2006.
[8] In addition, our measurements relative to the sample of 21 glaciers over the 1963-2006 period show that the area changes are poorly related to mass balance over each period (R 2 < 0.15) and over the whole period (R 2 = 0.08). Detailed measurements of area/length changes on the Zongo glacier [Vuille et al., 2008] lead to the same conclusion. Indeed, the strong retreat observed over the 1992 -2006 period compared to the 1963-2006 average does not reflect the mass balance evolution. This confirms that area or length changes are poor indicators for climate change analysis at a decadal time-scale. shows that temporal mass balance fluctuations are similar, revealing a common response to climate over the entire studied region, except for the smallest glaciers which can be strongly affected by local conditions.
Conclusions
[10] The cumulative mass balances of these glaciers do not show any acceleration of the trend. The strong retreat of the Zongo snout observed over the 1992 -2006 period does not reflect the mass balance changes of this glacier. Although our dataset does not allow us to clearly link the mass balance variations with precipitation and temperature variations, mass balance variations observed at a decadal scale are roughly in agreement with temperature and precipitation changes.
[11] The differences of the cumulative mass balance trends observed over the 1963 -2006 period can be explained to a large extent by the exposure and altitude of each glacier. The highest glaciers and glaciers with exposures between east and south experienced less negative mass balances. Using the strong relationship found between mass balance, exposure and altitude, the ice volume loss of 376 glaciers assessed in this region over the period , corresponds to 43% of their volume. In addition, our surface area measurements of these 376 glaciers indicate an overall shrinkage in glacier area of 48% between 1975 and 2006. [12] In the future, these results will be used to assess the impact of glaciers shrinkage on water runoff, especially for La Paz city.
